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SUMMARY  PAGE 


THE  PROBLEM 

To  clarify  the  role  of  changes  in  plasntia  and  erythrocyte  calcium  and  inorganic 
phosphorus  levels  during  acute  and  chronic  exposure  to  increased  environmental 
carbon  dioxide.  Studies  of  the  effects  of  low  concentrations  of  CO2,  sue  has  encountered 
aboard  operational  submarines,  are  pertinent, 

riNDINGS 

Serum  ionized  calcium  increased  linearly  with  decreasing  semim  pH  in  guinea 
pigs  during  acute  exposure  to  CO2  concentrations  of  1%-15%.  This  inverse  , re¬ 
lationship  was  not  maintained  during  chronic  exposure  to  CO2,  and  the  serum 
ionized  calcium  remained  elevated  in  spite  of  partial  recovery  of  the  pH. 

Total  plasma  calcium  was  significantly  elevated  in  guinea  pigs  exposed  to  3% 
and  15%  CO2.  This  finding  was  interpreted  as  evidence  for  increased  parathyroid 
function.  A  decrease  in  total  plasma  calcium  in  guinea  pigs  exposed  for  prolonged 
periods  to  1%  CO2  suggests  under-function  of  the  parathyroids,  possibly  related 
to  increased  ionized  calcium  levels.  Total  plasma  calcium  levels  of  submariners 
exposed  to  approximately  1%  CO2  on  FBM  patrol  tended  to  decrease,  although  not 
significantly. 

Erythrocyte  calcium  increased  in  guin^  pigs  exposed  to  3% and  15%  CO2,  and 
in  submariners  exposed  to  1%  CO2.  These  findings  have  been  interpreted  as  in¬ 
dicative  of  metabolic  inhibition  of  active  cation  transport  during  15%  C62  exposure 
or  increased  membrane  permeability  to  elevated  serum  ionized  calcium  resulting 
from  3%  or  1%  CO2  exposure. 

APPLICATION 

These  findings  are  of  interest  to  Navy  Medical  Department  personnel  who  are 
concerned  with  toxicological  aspects  of  increased  carbon  dioxide  e^osure. 
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ABSTRACT 


To  ascertain  the  effects  of  acute  and  chronic  hypercapnia  on 
blood  levels  of  calcium  and.  inorganic  phosphorus,  guinea  pigs 
were  ejcposed  to  1%,  3%  and  15%  CO2  for  various  periods  up  to 
seven  days.  Plasma  and  erythrocyte  calcium  and  inorganic 
phosphorus  and  serum  ionized  calcium  were  determined.  Blood 
from  submariners  on  FBM  patrol,  exposed  to  up  to  1%  CO2  for  three 
weeks  and  followed  by  one  week  recovery,  was  analyzed  for  plasma 
electrolytes  and  erythrocyte  calcium. 

The  serum  ionized  calcium  of  guinea  pigs  during  acute  ex- 
posure  to  each  concentration  of  CQ2  shows  a  pH  dependent  in¬ 
verse  relationship  of  a  4.5-5%chaiage  per  0.1  unit  pH  change. 


During  chronic  hypercapnia,  elevation  of  total  plasma  calcium 
and  depression  of  inorganic  phosphorus  in  those  animals  exposed 
to  3%and  15%  CO2  would  suggest  increased  parathyroid  function. 

In  those  guinea  pigs  exposed  to  1%  CO2,  a  depressed  total  plasma 
calcium  in  the  presence  of  increased  serum  ionized  calcium  is 
interpreted  as  suggesting  a  possible  functional  hypoparathyroidism. 


In  the  guinea  pigs ,  increases  in  erythrocyte  calcium  and 
inorganic  phosphorus  and  plasma  inorganic  phosphorus  accompained 
by  a  decrease  in  total  plasma  calcium,  during  the  acute  phase  of 
respiratory  acidosis ,  are  interpreted  as  pH  dependent  inhibition  of 
active  transport  and/or  increase  in  membrane  permeability  . 


In  the  submariners  exposed  to  up  to  1%  CO2,  both  total  plasma 
calcium  and  inorganic  phosphorus  tended  to  decrease  although  the 
changes  did  not  become  significant. 


Erythrocyte  calcium,  however,  increased  gradtxally  and  be¬ 
came  significant  after  three  weeks’  exposure.  This  finding  sug¬ 
gests  inhibition  of  active  transport  and/or  increase  in  red  cell 
permeability  to  calcium.  After  one  week  recovery  in  air,  the 
erythrocyte  calcium  had  returned  to  control  levels. 
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STUDIES  OF  CALCIUM  AND  INORGANIC  PHOSPHORUS  LEVELS  IN  PLASMA 
AND  ERYTHROCYTES  DURING  ACUTE  AND  CHRONIC  HYPERCAPNIA 


INTRODUCTION 

The  cell  membrane  has  long  been 
recognized  as  a  barrier  which  main¬ 
tains  the  integrity  of  ionic  composition 
between  the  interior  of  the  cell  and  its 
surrounding  medium.  Cation  exchange 
between  these  compartments  has  gen¬ 
erally  been  considered  to  occur  in  three 
ways:  1.  against  a  concentration  or 
electrochemical  gradient  by  means  of 
active  transport;  2,  by  passive  diffu¬ 
sion  (leak)  down  the  gradient;  3.  by  ex¬ 
change  with  themselves.  That  is, 
sodium  will  exchange  with  sodium; 
potassium  with  potassium  (Ussing,^^ 
1960),  Net  movement  of  ions  there¬ 
fore  can  only  occur  via  active  or  passive 
transport. 

The  unequal  distribution  of  sodium 
and  potassium  between  plasma  and  ery- 
throc3d:es  appears  to  be  specifically 
coupled  to  an  active  transport  (pump) 
mechanism  which  compensates  for 
passive  diffusion  and  which  derives  its 
energy  from  the  spliting  of  adenosine 
triphosphate  (ATP)  (Dunham  and  Glynn,^ 
1961;  Hoffman,  1966),  To  effect  the 
splitting  of  ATP,  the  membrane -bound 
enzyme  ATPase  which  is  activated  by 
Na+/K'''  is  now  generally  accepted  as  the 
mediator  of  active  sodium-potassium 
transport  (Skou,^^  1965),  In  addition, 
within  the  er5d;hroc5d;e,  there  is  evi¬ 
dence  for  the  existence  of  active  calcium 
transport  (Schatzmann  and  Vincenzi,'^^ 
1969;  Olsen  and  Cazort,^^  1969;  Lee  and 
Shin,^^  1969).  The  maintenance  of  low 
intracellular  calcium  depends  upon  a 
calcium-activated  enzyme  which  uses 


ATP  as  a  source  of  energy.  Cells 
deprived  of  metabolic  energy  take  up 
calcium  from  Ringer’s  solution  by 
passive  diffiision;  whereas  cells  sup¬ 
plied  with  metabolites  that  produce 
ATP  pump  calcium  out  (Romero  and 
Whittam,^^  1971). 

In  1962  Hoffman^  ^  demonstrated  that 
movement  of  calcium  into  the  red  blood 
cell  resulted  in  inhibition  of  NaVK^ 
ATPase  and  therefore  the  sodium- 
potassium  pump.  However,  addition 
of  extracellular  calcium,  up  to  twice 
the  normal  plasma  levels,  affected 
neither  active  transport  nor  passive 
diffusion,  Hoffman^^  (1962)  thus  con¬ 
cluded,  as  did  Schatzmann'*^  (1966), 
that  the  action  of  calcium  on  the  mem¬ 
brane  is  asymmetrical.  Davis  and 
Vincenzi^  (1971)  studied  ATPase  acti¬ 
vities  of  human  red  cell  membranes  as 
a  function  of  calcium  ion  concentration. 
They  concluded  that  both  NaVK"^- 
activated  ATPase  and  Ca-H--activated 
ATPase  were  influenced  by  calcium  ion 
concentration  with  calcium  acting  to 
inhibit  the  NaVK^  ATPase.  If  calcium 
inhibition  of  NaVK"^  ATPase  is  related 
to  calcium  ion  concentration  at  the  inner 
surface  of  the  red  cell  membrane,  then 
it  might  be  suggested  that  increases  in 
red  cell  calcium,  decreases  in  red  cell 
potassium,  and  inhibition  of  active 
transport  may  be  linked. 

In  other  investigations  relating  to  the 
metabolic  effect  of  minerals,  it  has 
been  shown  that  changes  in  intracellular 
cations  alter  the  oxygen  affinity  of  hemo¬ 
globin  (Sommerkamp^9  et  al,  1 961 ; 
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Waldeck  and  Zander, 1968).  How¬ 
ever,  the  observed  linear  relationship 
does  not  necessarily  prove  a  direct 
causal  relationship,  inasmuch  as  both 
red  cell  cation  exchange  and  hemo¬ 
globin  oxygen  affinity  are  affected  by 
intracellualr  levels  of  2,  3,  -diphospho- 
glycerate  (2,  3-DPG),  (Gardos,^®  1967; 
Benesch  and  Benesch,  1967,  1968; 
Lenfant^^  et  al,  1968). 

When  human  subjects  are  exposed  to 
carbon  dioxide  concentrations  up  to 
1 . 5%  for  prolonged  periods  of  time, 
small  increases  in  sodium  and  de¬ 
creases  in  potassium  have  been  ob¬ 
served  in  the  red  blood  cells.  (Schaefer' 
et  al,  1964;  Gortner^^  et  al,  1971), 
IMiring  the  same  experimental  condi¬ 
tions,  Schaefer 39  et  al  (1963)  have 
found  that  red  blood  cell  calcium  is  in¬ 
creased. 

It  has  also  been  observed  during 
chronic  respiratory  acidosis,  induced  by 
increased  environmental  carbon  dioxide, 
that  increased  oxygen  affinity  of  hemo¬ 
globin  is  accompanied  by  decreases  in 
intracellular  cations  and  2, 3-DPG  levels 
(Schaefer  and  Messier,^^  1970;  Schaefer^^ 
et  al,  1970;  Messier  and  Schaefer 
1971).  Also  influencing  the  intraery- 
throc5rtic  2, 3-DPG  concentration,  and 
hence  the  hemoglobin  oxygen  affinity,  is 
the  concentration  of  inorganic  phosphorus 
in  the  serum  (Astrup^  et  al,  1970),  , 

Thus,  it  is  suggested  that  studies  of 
the  changing  calcium  and  inorganic  phos¬ 
phorus  levels  in  plasma  and  erythrocytes 
may  help  to  elucidate  their  role  in 
cation  exchange,  the  chaises  in  hemo¬ 
globin  oxygen  affinity,  or  the  relation¬ 
ships  of  the  cations  to  membrane 


phenomena  during  chronic  respiratory 
acidosis . 

n.  Materials 

The  guinea  pigs  used  in  these  studies 
were  400  -  500  g,  adult  males  of  the 
Hartley  strain  obtained  from  West 
Jersey  Biological  Supply  Farm, 
Wenanah,  New  Jersey,  At  all  times  the 
animals  were  maintained  on  Big  Red 
Guinea  Pig  Diet  (Agway)  and  tap  water 
ad  libitum.  The  animals  were  allowed 
to  adjust  to  laboratory  conditions  for  at 
least  four  days  prior  to  CO2  exposure. 

At  the  time  of  exposure  the  guinea 
pigs  were  placed  in  a  Sherer  Controlled 
Environment  Chamber,  Model  CEL  4-4 
at  a  constant  temperature  of  78°  F  with 
alternating  12  hour  light/dark  periods. 
Abundant  boric  acid  crystals  were 
placed  in  the  bottom  of  each  cage  to 
absorb  excreted  ammonia.  The  expo¬ 
sures  to  CO2  were  for  one  hour,  six 
hours,  one  day,  three  days,  and  seven 
days  using  1%  CO2  in  air,  3%  CO2  in 
air  or  15%  CO2  in  21%  O2  balance  nitro¬ 
gen.  Following  exposure,  the  animals 
were  sacrificed  at  the  same  time  of 
day  (0900)  to  eliminate  possible  effects 
of  circadian  rhythms  on  plasma  and 
erythrocyte  calcium  and  inorganic 
phosphorus  concentrations.  Unexposed 
control  animals  were  taken  from  the 
stock  supply. 

Blood  samples  were  also  obtained 
from  human  volunteers  exposed  to  CO2 
concentrations  of  0, 8-1%  during  sub¬ 
marine  patrol.  The  samples  were 
taken  prior  to  submergence,  at  seven- 
day  intervals  during  submergence,  and 
one  week  after  return  to  the  surface. 
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in.  Methods 

Total  Calcium  and  Inorganic  Phosphorus 

At  the  time  of  the  sampling,  the 
guinea  pigs  were  anesthetized  with 
sodium  pentobarbital  and  blood  was 
withdrawn  from  the  abdominal  aorta  by 
heparinized  syringe.  During  the  bleed¬ 
ing  the  animals  breathed,  through  a 
mask,  the  same  gas  mixture  to  which 
they  had  been  exposed.  The  blood  was 
centrifuged  at  2000  G.  for  20  minutes, 
and  the  plasma  was  then  separated  from 
the  packed  cells. 

Using  heparinized  Vacutainers®  ,* 
the  blood  from  the  submariners  was 
withdrawn  from  the  anticubital  vein, 
centrifuged,  separated,  and  frozen.  ** 
After  completion  of  the  patrol,  the 
samples  were  returned  to  the  laboratory 
for  preparation  and  analysis  as  des¬ 
cribed  below. 


weighed  sample  of  the  packed  red  cells 
was  then  hemolyzed  in  ice  cold  water. 
Addition  of  concentrated  perchloric 
acid  was  made  to  the  hemolysate  to 
effect  a  final  concentration  of  0. 6  M 
perchloric  acid.  The  coagulated  pro¬ 
tein  was  removed  by  centrifugation  and 
the  supernatant  neutralized  with  K2COg 
crystals  to  approximately  pH  7  using 
one  drop  of  neutral  red  as  an  indicator. 
Great  care  was  taken  not  to  exceed  this 
pH  during  the  addition  of  the  K2CO3  in 
order  to  avoid  loss  of  calcium  as  car¬ 
bonate  and  loss  of  both  calcium  and 
phosphorus  as  calcium  phosphate.  In 
preliminary  experiments  it  was  de¬ 
termined  that  the  indicator  color  in  no 
way  interfered  with  the  results  ob¬ 
tained,  After  centrifugation  to  remove 
the  precipitated  potassium  perchlorate, 
the  supernatant  was  analyzed  for  cal¬ 
cium  and  inorganic  phosphorus  in  the 
Auto  Analyzer  © 


A  diagram  of  the  flow  system  used 
Using  the  Technicon^  AutoAnalyzer®*  in  these  analyses  is  presented  in  Fig- 


Method  N-82  I/II,  plasma  calcium  and 
inorganic  phosphorus  were  measured. 
This  analysis  uses  modifications  of  the 
Kessler  and  Wolfman'^'^  (1964)  method 
for  the  simultaneous  determination  of 
calcium  and  inorganic  phosphorus. 

Any  remaining  plasma  and  the  buffy 
coat  were  removed  from  the  packed  red 
cells  by  suction.  No  washing  of  the  red 
cells  was  niade  to  avoid  inducing  possi¬ 
ble  electrolyte  exchanges  between  the 
wash  medium  and  the  erythrocytes,  A 


*Registered  Trademark 

**The  author  wishes  to  thank  Dr.  William  Braithwaite 
for  obtaining  the  human  blood  samples. 
ffTechnicon  Corporation,  Tarrytown,  New  York 


ure  1,  The  number  preceding  the 
reagents  at  the  right  of  the  diagram  in¬ 
dicates  the  nominal  inside  diameters 
(I.D. )  of  the  tubing  aspirating  the 
reagents.  The  proportions  and  thus, 
the  final  concentrations,  of  each  reagent 
are  thereby  determined. 

In  analysis  for  plasma  Ca/P,  the 
sample  was  aspirated  through  ,020  I.D, 
Tygon  tubing,  and  then  mixed  with  ,25 
N  HCl  flowing  through  a  ,  065  I.D. 
line.  To  determine  the  Ca/P  in  the 
processed  red  cell  supernatant,  the 
sample  was  aspirated  through  the  ,065 
I.D.  line  and  mixed  with  1.1  N  HCl 
flowing  through  the  .020  I.D.  tubing. 
Thus  the  sample  size  was  increased 
approximately  ten  times  that  of  the 
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Fig.  1,  Flow  Diagram  of  Method  N-82  l/II  Using  the  Technicon  AutoAnalyzer^^for  the  Simultaneous 
Determination  of  Qilcium  and  Inorganic  Phosphorus 


plasma  sample.  These  alterations 
were  made  to  obtain  adequate  recorder 
responses  because  of  the  low  Ca/P  con¬ 
centrations  in  the  red  cell,  as  well  as 
to  compensate  for  the  dilution  intro¬ 
duced  during  the  hemolysis  of  the  cells. 
The  dilution  factors  resulting  from  the 
hemolysis  were  further  corrected  by  5% 
to  account  for  the  addition  of  the  per-  . 
chloric  acid.  For  each  of  the  analyses 
appropriate  standards  were  employed; 
standard  curves  were  drawn;  and  the 
calcium  and  inorganic  phosphorus  values 
were  expressed  in  mg/lOO  ml  plasma  or 
red  blood  cells. 

Ionized  Calcium 

Animals  were  prepared  for  sampling 
in  the  manner  described  above.  How¬ 
ever,  the  blood  samples  for  these 
studies  were  withdrawn  by  syringe  and 


quickly  injected  to  completely  fill  a 
Vacutainer(S)containing  no  anti¬ 
coagulant,  The  blood  was  allowed  to 
clot  at  room  temperature  (25®  C)  and 
then  centrifuged.  Immediately  after 
centrifiigation  the  serum  was  with¬ 
drawn  into  1,0  ml  disposable  tuberculin 
syringes  with  care  taken  to  maintain 
anaerobic  conditions.  The  syringe  was 
attached  to  an  Orion*  Model  99-20 
Serum  Calcium  Flow-Thru  System  con¬ 
nected  to  an  Orion  Model  801  Digital 
pH/mV  Meter  for  determination  of 
serum  ionized  calcium  (Orion, *1969), 
Ionized  calcium  values  were  expressed 
in  mg/lOO  ml.  Immediately  prior  to 
ionized  calcium  determination,  serum 
pH  was  measured  with  the  use  of  an 
Instrumentation  Laboratory**  Model 
113  pH  Analyzer. 

*Orion  Research  Inc,,  Cambridge,  Mass. 
^^Instrumentation  Laboratory,  Inc.,  Lexington,  Mass. 
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Standard  Recoveries 

Known  quantities  of  calcium  and 
phosphorus  were  added  to  samples  of 
human  plasma  and  anaerobic  serum. 

The  accuracy  of  the  methods  described 
for  the  determination  of  total  plasma 
calcium  and  phosphorus,  and  serum 
ionized  calcium  was  measured  as  the 
percent  of  the  added  amounts  recovered. 

To  evaluate  the  method  used  to  de¬ 
termine  erythrocyte  total  calcium  and 
phosphorus,  blood  was  obtained  from 
laboratory  personnel.  The  samples 
were  prepared  as  described  above  ex¬ 
cept  that  aliquots  of  packed  red  cells 
were  hemolyzed  in  two  different  con¬ 
centrations  of  calcium/phosphorus 
standards  as  well  as  in  distilled  water. 
In  addition,  to  ascertain  the  appropri¬ 
ateness  of  using  potassium  carbonate 
crystals  to  neutralize  the  solution  and 
to  precipitate  the  perchlorate  from  the 
solution,  samples  from  each  hemolysate 
were  treated  with  potassium  carbonate 
crystals,  potassium  hydroxide  solution 
or  potassium  carbonate  crystals  plus 
potassium  hydroxide  solution.  The  re¬ 
sultant  supernatants  were  analyzed  for 
total  calcium  and  phosphorus  and  the 
percent  recovery  determined. 

Statistical  evaluations  of  the  data 
employed  Student’s  t  test. 

IV.  Results 

Figure  2  is  a  photograph  of  a  typical 
tracing  as  recorded  by  the  Auto- 
Analyzer®for  the  simultaneous  deter¬ 
mination  of  calcium  and  inorganic 
phosphorus.  There  occurs  1  1/2  peak 
lag  between  the  calcium  response  and 
the  corresponding  phosphorus  response 


from  the  same  sample.  This  lag  re¬ 
sults  from  the  double  dialysis  neces¬ 
sary  to  obtain  the  phosphorus  fraction. 

It  can  be  seen  that  the  baseline  for  the 
calcium  measurements  is  stable,  and 
the  standard  values,  particularly  at 
the  higher  concentration,  are  repro¬ 
ducible. 

On  the  other  hand  the  phosphorus 
baseline  tends  to  ’’staircase"  as  the 
standard  concentrations  increase. 
However,  the  baseline  stabilizes  as 
samples,  whose  phosphorus  concentra¬ 
tions  fluctuate  to  a  relatively  small  de¬ 
gree,  pass  through  the  colorimeter.  The 
standard  curves  that  are  used  are 
drawn  against  the  re-established  base¬ 
line  and  are  reproducible  as  may  be 
noted  by  comparing  the  value  for  the 
5  mg/100  ml  standard  in  the  middle 
of  the  run  with  that  obtained  for  the  5 
mg/l  00  ml  phosphorus  standard  at  the 
end  of  the  series. 

The  accuracy  and  precision  of  the 
methods  used  in  these  studies  are  pre¬ 
sented  in  Tables  1  and  2.  The  standard 
errors  of  the  mean  reflect  the  precision 
of  the  methods  while  the  percent  re¬ 
covery  of  added  standard  is  a  measure 
of  the  methods'  accuracy.  When  cal¬ 
cium  standard  is  added  to  a  sample  of 
human  anaerobic  serum  and  analyzed 
for  ionized  calcium  75%  of  the  added 
calcium  is  recovered  (Table  1).  This 
percentage  is  the  same  for  the  two  dif¬ 
ferent  concentrations  of  standard. 

Since  the  recoveries  are  fairly  low  it 
is  probable  that  some  of  the  added  free 
calcium  becomes  bound  to  the  serum 
proteins  of  the  sample.  With  regard 
to  both  concentration  and  variability, 
the. ionized  calcium  measured  in 
serum  alone  is  comparable  to  the 
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Fig.  2.  Recorder  Tracing  of  Calcium  and  Phosphorus  Responses  in  Standards  and  Human  Plasma.  Plasma 
Concentrations  Are  Determined  by  Comparison  Against  the  Appropriate  Standard  Curve.  Red 

for  Calcium,  Green  for  Phosphorus 


1,98  +.03  mEq/1  (3,96  +.06  mg/lOOml) 
reported  by  Hattner  et  (1970). 

With  respect  to  total  calcium  and  in¬ 
organic  phosphorus  in  plasma,  recover¬ 
ies  of  added  standard  range  from  90- 
96%  and  102-104%,  respectively. 

Table  2  presents  the  results  of  re¬ 
coveries  obtained  when  calcium  and 
phosphorus  standards  are  added  to  the 
RBC  hemolysates  prior  to  perchloric 
acid  precipitation.  To  remove  the 
perchlorate  and  neutralize  the  protein- 
free  supernatant  of  the  RBC  hemolysates 
there  are  several  advantages  to  using 
K2CO3  crystals.  The  potassium  is 
precipitated  as  the  perchlorate;  the 


carbonate  is  evolved  as  CO2  gas  from 
the  acid  medium;  and  no  additional  di¬ 
lution  factor  is  introduced  into  the 
calculation  of  er3d;hrocyte  calcium  and 
phosphorus  concentrations.  Moreover, 
the  method  is  quick  and  easy.  How¬ 
ever,  a  disadvantage  is  the  possible  loss 
of  calcium,  as  precipitated  calcium  car¬ 
bonate  if  great  care  is  not  taken  to  avoid 
exceeding  neutrality.  Using  this  method 
the  recovery  of  calcium  is  79-80%  in  the 
presence  of  red  blood  cells  and  93% 
when  standard  alone  is  treated  as  an 
hemolysate.  The  recovery  of  phosphorus 
is  93-94%  and  85%,  respectively. 

When  KOH  is  used  to  effect  the  per¬ 
chloric  precipitation,  the  percent 
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Table  1.  Recovery  of  Added  Standards  from  Serum  and  Plasma 
for  Determination  of  Method  Accuracy 


Semm 

Total  Plasma 

Ionized  Ca-H- 

Ca 

P 

mg/lOO  ml 

mg/lOO  ml 

Sample 

X 

3.96 

10.00 

4.46 

SEM 

.01 

.05 

.08 

N 

8 

15 

15 

Added 

Added 

Standard  I 

2.00 

6.25 

3.50 

+ 

Sample 

Recovered 

Recovered 

X 

1.49 

5.98 

3.58 

SEM 

.02 

.07 

.05 

N 

8 

10 

10 

%  Recovery 

75 

96 

102 

Added 

Added 

Standard  n 

4. 00 

7.50 

5.00 

+ 

Sample 

Recovered 

Recovered 

x" 

3.00 

6.76 

5.20 

SEM 

.01 

00 

o 

• 

.06 

N 

8 

10 

10 

%  Recovery 

75 

90 

104 

e  2 .  Recovery  of  Added  Standards  From  Erythrocyte  Preparations  for  Determination  of  Method 
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%  Recovery  93  85  59  59  _ 99  |  107 

^  mg/lOO  ml  hemolysate  ^  Theoretically  present  c  observed 


calcium  and  phosphorus  recovered  from 
standards  plus  red  cells  was  91-92%  and 
89-98%,  respectively.  The  percentage 
of  calcium  and  phosphorus  recovered 
when  standard  alone  was  treated  with 
KOH  is  presented  here  to  illustrate  the 
ease  with  which  both  calcium  and 
phosphorus  can  be  lost  if  the  solution 
is  accidently  aUowed  to  become  basic. 
Subjective  evaluation  of  indicator  color 
was  used,  and  no  attempt  was  made  to 
ascertain  exact  pH. 

A  combination  of  both  K2CO3  crys¬ 
tals  for  the  initial  precipitation  of  the 
perchlorate  and. KOH  for  the  final 
approach  to  neutrality  was  also  studied 
and  the  results  are  included  in  Table  2. 
The  recoveries  of  calcium  and  phos¬ 
phorus  are  comparable  to  those  obtained 
using  potassium  carbonate  or  potassium 
hydroxide  alone. 

When  guinea  pigs  are  exposed  to  15% 
CO2  in  21%  O2,  balance  nitrogen,  there 
occurs  within  one  hour  a  highly  signifi¬ 
cant  decrease  in  serum  pH  and  total 
plasma  calcium,  while  at  the  same 
time,  the  serum  ionized  calcium  and 
red  blood  cell  calcium  levels  increase 
very  significantly  (Table  3,  Figure  3). 

It  might  be  noted  here  that  the  pH 
values  used  are  not  so  low  nor  is  the 
magnitude  of  pH  fluctuation  so  great 
as  would  be  expected,  since  no  correc¬ 
tion  is  made  for  body  temperature  or 
the  alkaline  error  of  .  03  resulting  from 
centrifugation  at  room  temperature 
(Van  Slyke  et  al,^^  1966).  After  six 
hours  of  exposure,  plasma  and  RBC 
calcium  concentrations  return  to  near 
control  values,  the  ionized  calcium  de¬ 
creases  although  still  remaining  sig¬ 
nificantly  elevated,  and  the  serum  pH 
remains  significantly  depressed. 


As  exposure  to  15%  CO2  continues, 
the  plasma  calcium  begins  to  rise  and^ 
becomes  significantly  elevated  after 
three  days.  The  rise  continues  for  up 
to  seven  days  of  exposure.  The  RBC 
calcium  again  becomes  significantly 
elevated  after  one  day  but  gradually 
returns  to  the  control  level  after  seven 
days. 

Although  it  has  been  suggested  by 
Moore  (1 97  0)  that  an  inverse  rela¬ 
tionship  between  serum  ionized  calcium 
and  pH  is  one  of  competition  for  pro¬ 
tein  binding  sites,  these  data  reveal 
that  as  the  pH  begins  to  return  toward 
normal  levels  in  compensation  of  the 
respiratory  acidosis,  the  ionized  cal¬ 
cium  no  longer  maintains  the  inverse 
relationship  with  pH.  To  visualize 
these  phenomena  better.  Figure  4 
shows  the  serum  pH  converted  to 
nM/l  of  hydrogen  ion  concentration 
plotted  against  ionized  calcium  con¬ 
centration,  Further  inspection  of 
Table  3  shows  that  after  three  days* 
exposure  to  15%  CO2  the  ionized  calcium 
increases  and  maintains  a  percentage  of 
the  total  that  is  equal  to  that  observed 
in  the  controls  (39%).  An  ionized  to 
total  calcium  ratio  of  40. 3%  has  been 
reported  in  normal  human  serum 
(Hattner  et  al,^^  1970),  The  parallel 
elevations  in  ionized  and  total  calcium 
are  accompanied  by  a  significant  de¬ 
crease  in  plasma  inorganic  phosphorus 
after  three  days  of  15%  CO2  exposure. 
Similar  results  have  been  reported  by 
Schaefer  et  al^®  (1961)  who  suggest 
that  these  changes  appear  to  be  related 
to  increased  parathyroid  activity.  On 
the  other  hand,  Hattner^^  et  al  (1970) 
have  reported  similar  ionized  to  total 
calcium  ratios  and  inorganic  phosphorus 
responses  in  normal  sheep  following  a 
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Table  3.  Effect  of  Prolonged  Exposure  of  Guinea  Pigs  to  15%  CO2  on 
Serum  pH  and  Ionized  Calcium  and  on  Total  Calcium  and 
Inorganic  Phosphorus  of  Plasma  and  Er5d;hrocytes 


Serum 

Plasma 

RBC 

pH* 

Ca-H- 

Ca 

P 

Ca 

P 

mg/l  00ml 

%of 

Total 

mg/l  00ml 

mg/l  00ml 

Control 

Mean 

7.465 

4.37 

39 

11.07 

6.20 

1.111 

3.51 

SEM 

.007 

.04 

.09 

.12 

.034 

.21 

N 

29 

28 

34 

33 

29 

32 

1  Hour 

Mean 

7,264 

4.83 

49 

9.78 

10.80 

1.336 

9.91 

SEM 

.016 

.09 

.12 

.22 

.120 

.32 

N 

10 

10 

10 

10 

10 

10 

P 

<  .001 

<  .001 

<  .001 

<  .001 

<  .02 

<  .001 

6  Hours 

Mean 

7.266 

4.63 

42 

10.91 

5.69 

1.159 

6.42 

SEM 

.015 

.09 

.12 

.19 

.048 

.23 

N 

10 

10 

24 

33 

24 

24 

P 

<  .001 

<  .005 

<  .05 

<  .001 

1  Day 

Mesm 

7.250 

4.74 

44 

10.75 

6.57 

1,342 

4.41 

SEM 

.019 

.12 

.15 

.31 

.071 

.30 

N 

9 

8 

12 

19 

13 

13 

P 

<  .001 

<  ,001 

<  .005 

<  .02 

3  Days 

Mean 

7,313 

4,61 

40 

11,62 

5. 55 

1.289 

2.16 

SEM 

.034 

,13 

.27 

.19 

.076 

.14 

N 

9 

9 

16 

19 

14 

14 

P 

<  .001 

<  ,025 

<  ,02 

<  .01 

<  .02 

<  .001 

7  Days 

Mean 

7.417 

4.69 

39 

11.96 

5.38 

1.063 

2,16 

SEM 

.032 

.04 

.18 

.21 

.094 

.13 

N 

7 

7 

17 

23 

14 

14 

P 

<  .05 

<  .001 

<  .001 

<  .001 

<  .001 

*Uncorrected  for  body  temperature  and  centrifugation 
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Guinea  Pigs  Exposed  To  15%  COt 


Fig.  3.  Effect  of  Prolonged  Exposure  of  Guinea  Pigs 

to  15%  CO2  on  Total  Plasma  and  RBC  Calcium 
and  Inorganic  Phosphorus.  Mean  i  SEM.  Sta¬ 
tistical  Significance  at  the  5%  Level  or  Better. 

calcium  infusion  and  suggest  that  these 
responses  are  the  result  of  thyrocal- 
citonin  activity. 

The  initial  response  of  plasma  inor¬ 
ganic  phosphorus  following  one  hour 
exposure  to  15%  C02,  however,  is  a 
very  significant  increase.  Increase  in 
plasma  inorganic  phosphorus  in  re¬ 
sponse  to  acute  exposure  to  CO2  has 
been  reported  previously  (Brown  and 
Prasad,^  1957), 


Ionized  Calcium  mg/IOOml. 


Fig.  4.  Effect  on  Guinea  Pigs  of  Acute  and  Prolonged 
Exposure  to  Different  Concentrations  of  CO2 
on  Serum  Ionized  Calcium  and  Hydrogen  Ion 
Concentrations.  Mean  E  SEM 

Inorganic  phosphorus  in  the  red  blood 
cells  triples  within  pne  hour  of  exposure 
to  15%  CO2;  after  which  time  the  con¬ 
centration  starts  to  decrease  although  it 
still  remains  significantly  elevated  after 
one  day.  By  three  days,  the  phosphorus 
concentration  falls  significantly  below 
that  of  the  controls  and  remains  so 
through  seven  days. 

When  guinea  pigs  are  exposed  to  3% 
CO2,  the  serum  pH  decreases  and  the 
ionized  calcium  increases  significantly 
within  one  hour.  The  total  plasma  cal¬ 
cium  concentration,  however,  does  not 
exhibit  an  initial  sharp  decrease  after 
one  hour  exposure  (Table  4,  Figure  5). 
Following  six  hours’  exposure  to  3% 
CO2,  both  plasma  and  erythrocyte 
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Table  4.  Effect  of  Prolonged  Exposure  of  Guinea  Pigs  to  3%  CO2  on 
Serum  pH  and  Ionized  Calcium  and  on  Total  Calcium  and 
Inorganic  Phosphorus  of  Plasma  and  Erythrocytes 


Serum 

Plasma 

RBC 

pH* 

Ca++ 

Ca 

P 

Ca 

P 

mg/lOOml 

%  of 
Total 

mg/lOOmI 

mg/lOOmI 

Control 

Mean 

7.465 

4.37 

39 

11.07 

6.20 

1.111 

3.51 

SEM 

.007 

.04 

.09 

.13 

.034 

.21 

N 

29 

28 

34 

33 

29 

32 

1  Hour 

Mean 

7.405 

4.52 

41 

11.13 

6. 61 

1.153 

3.68 

SEM 

.010 

.05 

.12 

.12 

.052 

.25 

N 

12 

12 

16 

16 

16 

16 

P 

<  .001 

<  .05 

<  .05 

6  Hours 

Mean 

7.434 

4.67 

40 

11.61 

6.06 

1.240 

3.76 

SEM 

.007 

.05 

.15 

.12 

.043 

.35 

N 

10 

10 

23 

23 

23 

18 

P 

<  .025 

<  .001 

<  .005 

<  .05 

1  Day 

Mean 

7.435 

4.72 

42 

11.37 

6.08 

1.237 

3.58 

SEM 

.012 

.06 

.12 

.16 

.044 

.22 

N 

10 

10 

23 

23 

23 

18 

P 

<  .05 

<  .001 

<  .05 

<  .05 

3  Days 

Mean 

7.424 

4.52 

40 

11.33 

5.48 

1.198 

3.35 

SEM 

.014 

.03 

.17 

.17 

.056 

.27 

N 

8 

8 

25 

25 

17 

17 

P 

<  .02 

<  .005 

7  Days 

Mean. 

7.427 

4.49 

39 

11.42 

5.94 

1.158 

3.51 

SEM 

.013 

.10 

.10 

.12 

.038 

.19 

N 

8 

8 

23 

23 

18 

18 

P 

<  .02 

<  .05 

_ 

♦Uncorrected  for  body  temperature  and  centriftigation 
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Guinea  Pigs  Exposed  To  3%  COg 


Fig.  5.  Effect  of  Prolonged  Exposure  of  Guinea  /%s 
to  3%  CO2  on  Total  Plasma  and  RBC  Cal¬ 
cium  and  Inorganic  Phosphorus.  Mean  E 
SEM.  Statistical  Significance  at  the  5% 
Level  or  Better 

calcium  become  significantly  elevated 
and  gradually  return  toward  control 
level  after  three  days. 

After  seven  days  of  exposure,  the 
plasma  calcium  again  becomes  signifi¬ 
cantly  increased;  whereas  the  RBC 
calcium  continues  to  decrease  toward 
the  control  values . 

As  observed  in  the  study  with  15% 
CO2  exposure,  the  serum  pH/ionized 
calcium  inverse  relationship  seems  to 


exist  in  the  initial  acute  phase  (one 
hour)  of  3%  CO2  exposure.  As  compen¬ 
sation  begins  and  the  pH,  although  still 
significantly  depressed,  begins  to  re¬ 
turn  toward  normal,  the  competitive 
relationship  no  longer  exists  and  alter¬ 
native  mechanisms  appear  to  be  at 
work  during  the  chronic  (seven  days) 
exposure  phase  (Figure  4). 

The  response  of  inorganic  phosphorus 
in  the  plasma  of  guinea  pigs  exposed  to 
3%  CO2  levels  seems  to  mimic  that  ob¬ 
served  following  15%  CO2  treatment. 

The  magnitude  of  the  response,  how¬ 
ever,  is  markedly  less  with  the  maxi¬ 
mum  increase  of  .41  mg/lOO  ml  occur¬ 
ring  within  one  hour  of  exposure.  After 
three  days  of  3%  CO2,  the  plasma  in¬ 
organic  phosphorus  falls  significantly 
below  that  of  the  controls  but  returns 
toward  normal  by  seven  days. 

The  RBC  inorganic  phosphorus  ex¬ 
hibits  no  significant  change  from  con¬ 
trol  values  although  there  appears  to 
exist  the  same  pattern  of  Initial  in¬ 
crease  followed  by  depression  observed 
in  those  animals  exposed  to  15%  CO2. 
The  lack  of  significance  may  be  due  to 
the  rather  large  variability  encountered 
in  the  samples  obtained  from  the  guinea 
pigs  exposed  to  the  3%  CO2  (Figure  5). 

The  blood  calcium  and  inorganic 
phosphorus  responses  of  guinea  pigs 
exposed  to  1%  CO2  appear  in  Table  5 
and  Figure  6.  The  serum  pH  and 
ionized  calcium  values  parallel  those 
observed  during  3%  CO2  exposure  through 
the  first  six  hours.  After  one  day  of 
exposure  to  1%  CO2,  however,  the 
ionized  calcium  decreases  somewhat, 
rises  again  after  three  days,  and  con¬ 
tinues  to  increase  through  seven  days  at 
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Table  5,  Effect  of  Prolonged  Exposure  of  Guinea  Pigs  to  1%  CO2  on 
Serum  pH  and  Ionized  Calcium  and  on  Total  Calcium  and 
Inorganic  Phosphorus  of  Plasma  and  Erythrocytes 


Serum 

Ca++ 


Control 


Mean 

SEM 

N 

1  Hour 


Mean 

SEM 

N 

P 

6  Hours 


Mean 

SEM 

N 

P 

1  Day 
Mean 
SEM 
N 
P 


7.465 

.007 

29 

7.416 

.009 

9 

■  .005 

7.446 

.012 

8 


7.442 

.023 

5 


3  Days 

Mean  7.420 

SEM  .  009 
N  8 

p  <  . 005 

7  Days 

Mean  7.433 

SEM  .013 

N  10 

p  <  .  05 


mg/lOOml  Total 


4.37 

.04 

28 

4.46 

.11 

9 


4.66 

.12 

8 

.01 

4.56 

.07 

5 

.05 


4.86 

.05 

10 

,001 


Plasma 

RBC 

Ca 

P 

Ca 

P 

mg/ 1 00ml 

mg/l  00ml 

11.07 

6.20 

1.111 

3.51 

.09 

.12 

.034 

.21 

34 

33 

29 

32 

10.56 

6.47 

1.109 

2.92 

.12 

.18 

.032 

.19 

20 

20 

20 

20 

<  .005 

10,82 

6.15 

1.051 

2.74 

,08 

.19 

.037 

.13 

20 

20 

20 

20 

^  .01 

10,72 

5.98 

1.039 

4.64 

.11 

.10 

.043 

.29 

20 

20 

20 

20 

<  .02 

<  .005 

10.77 

5.92 

1,194 

3.94 

.08 

.17 

.042 

.19 

20 

20 

20 

20 

<  .025 

10.77 

5.81 

1.093 

3.00 

.12 

.18 

.039 

.17 

18 

18 

18 

18 

<  .05 

♦Uncorrected  for  body  temperature  and  centrinigation 


mg/IOOmI  mg/IOOmI 
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Guinea  Pigs  Exposed  To  1%  COe 


The  inorganic  phosphorus  found  in 
the  plasma  of  guinea  pigs  exposed  to  1% 
CO2  does  not  vary  significantly  from 
the  controls  although  an  initial  transient 
rise  does  occur. 

The  erythrocyte  inorganic  phosphorus 
differs  from  previous  observations  in 
that  there  occurs  an  initial  significant 
decrease  after  six  hours’  exposure  fol¬ 
lowed  by  a  significant  rebound  increase 
after  one  day  thence  a  return  toward 
control  levels  after  three  days. 

Graphic  summaries  of  the  data  are 
presented  in  Figures  7,  8,  9,  Present¬ 
ing  the  results  of  exposure  of  guinea 
pigs  to  1%,  3%,  and  15%  CO2  obtained 
for  each  parameter  as  measured  on  the 
same  response  scale  aids  in  evaluating 
the  relative  responses  as  well  as  the 
absolute  results  of  the  different  regi¬ 
mens. 


Fig.  6.  Effect  of  Prolonged  Exposure  of  GuineaPigs 
to  1%  CO2  on  Total  Plasma  and  RBC  Calcium 
and  Inorganic  Phosphorus.  Mean  E  SEM. 
Statistical  Significance  at  the  5%  Level  or 
Better 

which  time  it  represents  45%  of  the 
total  plasma  calcium. 

The  total  plasma  calcium  decreases 
within  one  hour  after  exposure  to  1% 

CO2  and  remains  significantly  depressed 
throughout  the  entire  exposure  period. 
On  the  other  hand,  there  are  no  signifi¬ 
cant  changes  observed  in  the  RBC  cal¬ 
cium  levels.  Inspection  of  the  data, 
however,  reveals  that,  in  contrast  to 
those  observations  made  during  15%  and 
3%  CO2  treatment,  there  is  a  slight  de¬ 
cline  followed  by  a  transient  rise  in 
RBC  calcium  with  the  values  returning 
to  control  levels  after  seven  days. 


The  calcium  and  phosphorus  concen¬ 
trations  in  the  plasma  and  erythroc3rtes 
obtained  from  healthy  young  men  during 
an  operational  submarine  patrol  are 
presented  in  Table  6  and  Figure  10.  hi 
addition,  plasma  sodium  and  potassium 
values  are  presented  in  Table  6,  No 
significant  changes  are  observed  in  the 
parameters  measured  in  the  plasma. 
However,  the  plasma  calcium  does  de¬ 
crease  somewhat  after  one  week  fol¬ 
lowed  by  a  gradual  return  toward  nor¬ 
mal  values  after  three  weeks’  exposure. 
Similar  findings  have  been  reported  by 
Schaefer  et  al  (1963)  and  Gray  et  al 
(1969). 

In  addition  Schaefer  et  al^^  (1963) 
report  that  during  the  recovery  period 
following  forty- two  days’  exposure  to 
1.5%  CO2  there  is  a  pronounced  flood  of 


15 


mg/IOOml  mg/IOOtnl 


CALCIUM 


CO^EtOOturt 
*  I  % 


I  s  I  3  7 

DAYS 


Fig.  7.  Summary  of  Total  Plasma  and  RBC  Calcium 
of  Cuinea  Pigs  Exposed  to  1%,  3%,  and  15% 
CO2.  Statistical  Significance  at  the  5% 

Level  or  Better 

calcium  into  the  plasma.  However, 
the  phenomenon  was  not  observed  dur¬ 
ing  this  study,  and  may  be  related  to 
the  relatively  short  exposure  to  the  1% 
CO2  environment. 

In  view  of  the  reports  by  Schaefer 
et  al^^  (1963)  and  Gray  et  al^'^  (1969) 
and  the  data  from  guinea  pigs  presented 
above  with  respect  to  the  response  of 
plasma  inorganic  phosphorus  to  increas¬ 
ed  environmental  CO2  concentrations, 
the  lack  of  inorganic  phosphorus  re¬ 
sponse  in  the  plasma  from  the  men  of 
this  study  seems  surprising. 


Fig.  8.  Summary  of  Total  Plasma  and  RBC  Inorganic 
Phosphorus  of  Guinea  Pigs  Exposed  to  1%, 
3%,  and  15%  CO2.  Statistical  Significance  at 
the  5%  Level  or  Better 

On  the  other  hand,  within  one  week 
of  CO2  exposure,  there  are  very  pro¬ 
nounced  increases  in  the  erythrocyte 
calcium  concentration  in  the  men 
studied.  The  calcium  concentration 
continues  to  rise  and  becomes  signifi¬ 
cant  after  three  weeks'  exposure.  One 
would  suspect  that  significance  might 
have  occurred  earlier  in  the  exposure 
period  were  it  not  for  the  rather  large 
standard  error  of  the  mean.  These 
large  standard  errors  could  be  expect¬ 
ed  since  the  men  stood  different  watch 
schedules,  blood  withdrawal  was 
possible  only  at  irregular  hours  of  the 
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Fig.  9.  Summary  of  Serum  Ionized  Calcium  and  pH 
of  Guinea  Pigs  Exposed  to  1%,  3%,  and  15% 
CO2.  Statistical  Significance  at  the  5%  Level 
or  Better 

day,  and  no  attempt  was  made  to  con¬ 
trol  the  diet.  Most  striking  was  the 
return  of  RBC  calcium  concentrations 
to  control  levels  within  one  week  after 
returning  to  surface  air.  These  re¬ 
sults  differ  from  those  reported  by 
Schaefer  et  al^^  (1963)  who  indicated  a 
continued  rise  in  RBC  calcium  values 
during  the  recovery  phase.  However, 
their  results  were  based  on  calculated 
RBC  calcium  values  following  a  longer 
(42  days)  exposure  to  CO2. 

Unfortunately  no  values  forRBC  inor¬ 
ganic  phosphorus  are  available  from  this 


study.  It  was  found  in  the  early  phases 
of  this  work  that  unless  the  erythrocytes 
were  processed  immediately  as  des¬ 
cribed  above  or  maintained  quick  frozen 
under  dry  ice  for  no  more  than  one 
week  extremely  elevated  aberrant  re¬ 
sults  were  obtained.  This  may  result 
from  varying  degrees  of  hydrolysis  of 
the  high  concentration  of  organo- 
phosphates  in  the  erythrocytes. 

V.  DISCUSSION 

Chronic  respiratory  acidosis,  in¬ 
duced  by  carbon  dioxide  varies  markedly 
with  respect  to  the  initial  decrease  in 
pH  and  is  related  to  the  concentration  of 
carbon  dioxide  used.  During  seven 
days  of  exposure  to  the  two  highest 
carbon  dioxide  concentrations,  15%  and 
3%  CO2,  the  pH  does  not  return  to  in¬ 
itial  levels.  Although  a  full  "compen¬ 
sation"  of  the  pH  does  not  occur,  one 
can  consider  that  a  "physiological  com¬ 
pensation"  is  acquired  after  three  days 
of  exposure  to  15%  CO2  and  five  days  of 
exposure  to  3%  CO2.  This  "physio¬ 
logical  compensation"  is  based  upon  the 
return  toward  initial  values  of  most 
physiological  parameters  affected  dur¬ 
ing  the  first  phase  of  uncompensated 
respiratory  acidosis ,  (Schaefer,  et  al, 
1961,^®  1968,"*^  1971;^ 

Messier  and  Schaefer,^^  1971),  The 
exposure  periods  are  classified  as 
"acute"  during  the  initial  phase  of  rapid 
pH  decrease  and  as  "chronic"  during 
the  subsequent  adaptive  phase  of 
"physiological  compensation"  to  the 
respiratory  acidosis. 

There  is  another  distinction  to  be 
made.  During  exposure  to  the  highest, 
carbon  dioxide  concentration  (15%),  red 
cell  'metabolism  (glycolysis)  is  inhibited 
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Table  6,  Effect  of  Exposure  of  Up  to  1%  CO2  in  the  Total  Submarine 
Environment  on  Plasma  Electrolytes  and  Erythrocyte 
Calcium  Levels  in  Human  Volunteers  (N  =  7) 


— 

Plasma 

RBC 

Na* 

K* 

Ca 

P 

Ca 

niEq/l 

_ 

mg/1 00ml 

mg/1 00ml 

Control 

Air 

Mean 

147.2 

4.0 

10.10 

4.18 

1.57 

SEM 

1.6 

.1 

.10 

.40 

.10 

One  Week 

1%  CO2 

Mean 

142.2 

3.7 

9.53 

3.96 

1.74 

SEM 

3.6 

.2 

.32 

.46 

.19 

Two  Weeks 

1%  CO2 

Mean 

143.5 

3.8 

9.70 

4.04 

1.95 

SEM 

2.7 

.1 

.20 

.36 

.28 

Three  Weeks 

1%  CO2 

Mean 

145.0 

3.7 

9.94 

4.00 

1.99*^ 

SEM 

1.1 

.1 

.15 

.14 

.16 

Recovery 

One  Week 

Air 

Mean 

144.5 

3.8 

9.83 

4.36 

1.51 

SEM 

.9 

.1 

.11 

.25 

.18 

♦Determined  by  flame  photometry 

♦♦Statistically  significantly  different  from  control  values  at  the  5%  level 
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Fig.  10.  Effect  of  Total  Submarine  Environment  on 
Human  Plasma  and  RBC  Calcium  and  Plasma 
Inorganic  Phosphorus.  Pre-dive  Control  and 
Seven  Days  Post-dive  Recovery  Data  Are 
Included,  Mean  SEM 

for  the  first  two  days  and  returns  to 
near  normal  after  three  days  (Jacey 
and  Schaefer, 1971a),  During  3% 

CO2  exposure  no  inhibitory  effect  on 
red  cell  glycolysis  is  observed  (Jacey 
et  al  1971),  Inasmuch  as  calcium 
accumulated  in  the  red  cells  in  all 
three  experimental  conditions  of  this 
study,  the  results  are  discussed  with 
regard  to  (1)  pH  dependent  metabolic 
inhibition  and  (2)  pH  or  CO2  dependent 
changes  in  red  cell  permeability  with¬ 
out  involvement  of  glycolysis.  In  addi¬ 
tion,  the  plasma  calcium  levels  become 
elevated  during  prolonged  exposure  to 
15%  CO2  and  3%  CO2,  but  are  decreased 


during  exposure  to  1%  CO2,  These 
changes  are  discussed  in  co33nectlon 
with  parathyroid  and  thyrocalcitontn 
function, 

1,  Red  Cell  Calcium/Phosphorus 
Levels  Related  to  pH  Dependent  Meta¬ 
bolic  Inhibition  (15%  CO2) 


The  initial  trigger  during  the  acute 
phase  of  this  exposure  appears  to  be 
the  precipitous  fall  in  blood  pH  resulting 
from  elevation  in  the  002  content  of 
the  blood.  It  has  been  shown  in  vitro 
that  decrease  in  pH  per  se  can  cause 
decrease  in  total  glucose  utilization 
within  the  red  blood  cell  (Murphy, 

1960;  Mlnakaml  and  Yoshlkawa,^^  1966), 

These  authors  found  that  incubation  at 
low  pH  resulted  in  decreases  in  lactic 
acid  formation  and  nonhydrolyzable 
organic  phosphates,  with  an  accumula¬ 
tion  of  inorganic  phosphorus;  a  re¬ 
action  which  does  not  occur  in  the 
presence  of  inosine.  They  conclude 
that  inhibition  of  glucose  metabolism 
occurs  in  the  Embden-Meyerhof  path¬ 
way  at  the  level  of  the  conversion  of 
fructose-6-P04  to  fructose-1, 6-PO4  by  I 

phosphofructokinas  e , 

In  vivo  it  has  been  found  that  de¬ 
crease  in  pH  during  acute  respiratory 
acidosis  also  results  in  inhibition  of 
red  ceirglycolvsis  Macev  and  Schaefer,*^ 

1971a),  In  addition  these  authors  re¬ 
port  that  phosphofructokinas  e  activity 
correlates  with  fluctuations  in  pH  under 
the  same  conditions  (Jacey  and 
Schaefer,^®  1971b),  Interestingly, 
they  found  no  change  in  the  energy 
charge  during  acute  respiratory 
acidosis.  Conservation  of  high  energy 
phosphate  as  a  characteristic  of 
hypercapnia  is  suggested  by  these 
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observations  and  those  of  Tappan^^ 

(1971)  who  found,  under  the  same  condi¬ 
tions,  an  influx  of  creatinephosphokinase 
into  the  plasma  without  a  concomitant 
decrease  in  muscle  creatine  phosphate. 

On  the  other  hand,  the  enormous  in¬ 
crease  in  erythrocyte  inorganic  phos¬ 
phorus  and  inhibition  of  active  trans¬ 
port,  as  seen  by  increased  levels  of 
intracellular  calcium,  would  suggest  an 
energy-depleted  state  during  the  acute 
hypercapnia  of  the  present  study  (one 
hour  exposure  to  15%  CO2).  Moreover, 
these  findings  appear  to  be  the  corol¬ 
lary  of  those  reported  by  Murphy 
(1963)  who  found  that  a  50%  reduction 
in  glucose  utilization  and  inhibition  of 
energy  production  in  red  blood  cell 
preparations  at  reduced  pH  was  asso¬ 
ciated  with  inhibition  of  active  trans¬ 
port,  This  inhibition  in  turn  resulted 
in  intracellular  loss  of  potassium  and 
gain  of  sodium. 

Since  it  has  been  shown  that 
phosphofructokinase  activity  is  inhibited 
at  low  pH  (Jacey  and  Schaefer,  1971b), 
the  most  likely  source  of  the  elevated 
inorganic  phosphorus  levels  observed 
in  the  present  study  would  be  the  re¬ 
duced  formation  of  1, 3-diphospho- 
glycerate  (1,3-DPG),  inasmuch  as  it 
is  the  only  site  below  phosphofructo¬ 
kinase  in  which  inorganic  phosphorus  is 
utilized  in  red  cell  glycolysis.  Re¬ 
duced  levels  of  1,3-DPG  in  turn,  limit 
the  activity  of  phosphoglycerate  mutase 
and  hence  the  formation  of  2, 3-DPG, 
This  notion  is  supported  by  the  find¬ 
ings  of  Mills  (1969)  who  observed 
that  a  decrease  in  2, 3-DPG  is  accom¬ 
panied  by  a  rise  in  inorganic  phos¬ 
phorus  in  erythrocytes  incubated  at  pH 
6,8-7, 0.  In  addition  to  the  effect  of 


low  pH  on  the  overall  glycolysis,  there¬ 
by  reducing  the  glycolytic  flux  and 
hence  the  formation  of  2, 3-DPG,  low 
pH  has  also  been  shown  to  increase  the 
binding  of  2, 3-DPG  to  hemoglobin 
(Caldwell,  etal,^1971).  Therefore, 
if  only  small  amoimts  of  2, 3-DPG  are 
formed  and  what  little  is  produced  be¬ 
comes  bound  to  hemoglobin,  subse¬ 
quent  hydrolysis  of  2, 3-DPG  is  prob¬ 
ably  not  a  source  of  the  observed  in¬ 
crease  in  inorganic  phosphorus.  Dur¬ 
ing  acute  hypercapnia,  the  maximum 
inhibition  of  er3d:hrocyte  glycolysis 
was  observed  after  one  hour  (Jacey 
and  Schaefer,^^  1971a)  and  coincides 
with  the  maximum  increase  in  inor¬ 
ganic  phosphorus  observed  in  the  pre¬ 
sent  studies.  The  time  lag  between 
these  phenomena  and  the  maximum 
2,  3-DPG  depletion  observed  at  one  day 
(Messier  and  Schaefer, 1971)  is  most 
likely  related  to  different  time  courses 
in  pH  dependent  enzsnnatic  shifts. 

The  second,  or  "physiologically 
compensated",  phase  of  respiratory 
acidosis  has  been  considered  to  exist 
after  three  days  of  chronic  exposure 
to  15%  CO2  based  on  extensive  pre¬ 
vious  studies  of  lung  function,  stress 
parameters,  and  hemoglobin  oxygen 
affinity  (Schaefer,  et  al,  1964,^^ 

1968,^^  1970^2,43  Although  pH  is 
still  depressed  during  this  time,  there 
are  very  marked  reversals  of  calcium 
and  inorganic  phosphorus  levels  in  the 
blood.  The  decreases  in  intracellular 
calcium  and  inorganic  phosphorus  sug¬ 
gest  renewed  red  cell  glycolytic  . 
activity.  As  incorporation  of  inorganic 
phosphorus  into  organo-phosphates 
occurs,  energy  becomes  available  for 
reactivation  of  the  active  transport 
pumps.  Moreover,  it  has  been  shown 
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that  during  the  compensated  phase  of 
chronic  respiratory  acidosis,  other  in¬ 
dicators  of  erythrocyte  glycolysis,  i.e., 
phosphofructokinase  activity,  lactate 
levels,  lactate/pyruvate  and  NAD+/ 
NADH  ratios  and  2, 3-DPG  levels,  re¬ 
turn  toward  normal  (Jaeey  and 
Schaefer,  1971a,  1971b;  Messier 

and  Schaefer,  1971). 

2,  Red  Cell  Calcium/Phosphorus 
Levels  Related  to  GQ2  Effects  on  Mem¬ 
brane  Permeability 

Interpretation  of  the  movements  of 
calcium  and  inorganic  phosphorus  in 
the  blood  of  guinea  pigs  (hiring  the  acute 
exposure  to  3%  CO2  is  less  clear  cut 
and  somewhat  equivo(3al.  Although  the 
responses  tend  to  be  similar,  their 
magnitude  is  markedly  less  than  those 
observed  during  the  acute  exposure  to 
15%  CO2.  Jaeey  et  al^^  (1971)  have 
indicated  that  the  decrease  in  blood  pH 
in  guinea  pigs  under  these  conditions 
is  insufficient  to  inhibit  red  cell  gly¬ 
colysis,  Conse(iuently,  the  apparent 
inhibition  of  active  transport  of  intra¬ 
cellular  calcium  and  increases  in 
intracellular  inorganic  phosphorus  in 
the  animals  exposed  to  3%  CO2,  as 
well  as  the  alterations  observed  in 
those  animals  exposed  to  1%  CO2  must 
be  the  result  of  other  mechanisms... 

In  addition  to  being  transported 
across  membranes,  calcium  is  also  a 
key  component  of  the  membrane.  Cal¬ 
cium  binds  to  phospholipid  in  the 
membrane  and,  if  displaced,  the  ge¬ 
ometry  of  the  membrane  is  changed. 
Thus  altei^tions  in  calcium  binding 
increase  the  membrane's  permeability 
to  water  and  other  ions  (Manery,^^ 
1966).  The  binding  appears  to  be  an 


ion  exchange  type  that  is  not  affected  by 
metabolic  processes.  (Bolingbroke  and 
Maizels,^  1959;  Gent,^^  et  al.  1964). 
Moreover,  ion  displacement  experi¬ 
ments  show  that  sodium,  potassium,  and 
hydrogen  compete  with  calcium  for  the 
negative  binding  sites  in  monolayers  of 
phosphatidylserine,  a  large  component 
of  erythrocyte  membranes  (Rojas  and 
Tobias,^^  1965). 

The  gradual  increase  observed  in  red 
blood  cell  calcium  during  the  three-week 
period  of  exposure  to  1%  CO2  during  an 
FBM  submarine  patrol  agrees  with  pre¬ 
vious  findings  in  human  subjects  ex¬ 
posed  to  1.5%  CO2  (Schaefer,  et  al,^^ 
1963).  If  we  interpret  intracellular 
calcium  concentration  as  a  measure  of 
active  transport  then  inhibition  of  red 
cell  glycolysis  may  occur  in  men  ex¬ 
posed  to  low  concentrations  of  carbon 
dioxide  for  prolonged  periods  of  time. 

On  the  other  hand,  alterations  in  cal¬ 
cium  binding  at  the  membrane,  under 
the  influence  of  CO2  or  the  decreased 
pH  of  acidosis,  maybe  sufficient  to 
permit  calcium  to  leak  into  the  cells 
faster  than  it  can  be  pumped  out, 

3,  Effects  of  CO2  on  Parathyroid 


a.  Total  Plasma  Calcium/ 
Phosphorus  Changes 

Plasma  calcium  increases  and 
plasma  inorganic  phosphorus  decreases 
during  the  chronic  (physiologically 
compaisated)  phase  of  respiratory 
acidosis  following  exposure  to  both  15% 
CO2  and  3%  CO2.  In  previous  studies 
of  exposure  to  15%  CO2  similar  obser¬ 
vations  have  been  made  in  guinea  pigs 
(Schaefer,  et  al,^®  1961)  and  rats 
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(Stanmeyer,  et  al,^^  1962),  These 
authors  suggest  that  the  plasma  calcium 
and  inorganic  phosphorus  responses  are 
characteristic  of  chronic  respiratory 
acidosis  and  reflect  an  increased  para¬ 
thyroid  activity.  In  addition,  Wachman 
and  Bernstein*^  (1970)  have  found  that 
during  metabolic  acidosis  parathyroid 
activity  is  increased,  as  measured  by 
increased  urinary  hydroxyproline,  in¬ 
creased  plasma  immunoreactive  para- 
thjrroid  hormone  and  increased  clear¬ 
ance  of  phosphate. 

When  guinea  pigs  are  exposed  to 
15%  CO2  a  metabolic  acidosis  becomes 
superimposed  upon  the  respiratory 
acidosis.  This  superimposed  metabolic 
acidosis  occurs  between  six  and  twenty- 
four  hours  of  exposure  (Schaefer,^ 

1971)  and  could  be  responsible  for 
parathyroid  stimulation.  The  increase 
in  parath3U’oid  hormone  activity  be¬ 
comes  pronounced  after  the  third  day 
if  increases  in  plasma  calcium  and  de¬ 
creases  in  inorganic  phosphorus  are 
considered  as  a  measure  of  parathyroid 
activity. 

In  addition,  an  increase  in 
urinary  hydroxypoline  excretion  was 
found  in  a  human  subject  during  inter¬ 
mittent  exposure  to  3%  CO2  for  nine 
hours  per  day.  This  finding  is  also 
interpreted  as  an  increase  in  para- 
th5rroid  activity  (Schaefer,  unpublished 
observations). 

The  decrease  in  plasma  calcium 
in  guinea  pigs  exposed  to  1%  CO2  is 
similar  to  that  reported  in  men  exposed 
to  1%  CO2  fortwenty  days  aboard  a  sub¬ 
marine  (Gray,  etal,^^  1969)  and  in  human 
volunteers  exposed  to  1.5%  CO2  (Schaefer, 
etal,^^  1963).  The  former  investigators 


consider  the  possibility  that  some 
metabolic  consequences  of  the  environ¬ 
ment  mimic  a  state  of  mild  parathyroid 
Insufficiency  and  that  the  causative 
factor  could  be  the  1%  CO2  breathed 
through  the  twenty*day  period.  Schaefer, 
et  al^^  (1963)  conclude  that  decreases 
in  plasma  calcium  during  the  first 
twenty-four  days  of  exposure  to  1 . 5% 
CO2  coincide  with  an  uncompensated 
phase  of  respiratory  acidosis  and  re¬ 
sult  from  storage  of  calcium  and 
carbon  dioxide  in  bone. 

The  mechanisms  that  relate 
carbon  dioxide,  parathyroid  hormone 
activity,  and  calcium  and  inorganic 
phosphorus  metabolism  to  alterations 
in  calcification  can  only  be  speculated 
upon  at  this  time.  However,  Neuman 
et  al,^^  (1968)  have  developed  a  model 
for  a  cycling  concept  of  ion  exchange 
in  bone  defined  by  three  variables; 
rate  of  bone  perfusion,  concentration  of 
plasma  ion,  and  concentration  of  the 
ion  in  bone.  They  conclude  that  blood 
circulation  in  the  bone  is  the  most 
important  aspect  in  determining  early 
bone  deposition.  This  is  an  important 
consideration  with  respect  to  carbon 
dioxide  exposure  since  it  has  been 
shown  that  carbon  dioxide  increases 
blood  flow  in  bone  (Gumming,  ^  1962; 
Shim  and  Patterson, 1967). 

The  finding  of  decreased  total 
plasma  calcium  in  guinea  pigs  and  man 
exposed  to  1%  CO2  could  be  interpreted 
as  either  parathyroid  underfunction  or 
a  response  to  thyrocalcitonin,  inas¬ 
much  as  thjTTOcalcitonin  is  known  to 
decrease  plasma  calcium  and  inorganic 
phosphorus  (Hirsch,^^  et  al,  1964). 
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b.  Ionized  Calcium 


So  fer  in  our  discussion,  the 
references  to  calcium,  both  intra  and 
extracellular,  have  been  in  terms  of 
the  total  calcium  determined.  Total 
calcium,  in  fact,  equals  the  sum  total 
of  three  existing  forms:  protein  bound 
(non-diffiisible)  calcium,  diffusible 
complexes  and  chelates  of  calcium, 
and  ionized  calcium.  However,  it  has 
been  clearly  shown  that  the  physiologi¬ 
cally  active  species  is  the  ionized  cal¬ 
cium,  It  is  the  level  of  "calcium 
activity"  and  not  the  total  calcium  con¬ 
centration  per  se  that  is  physiologically 
important  (McLean  and  Hastings, 

1935),  Moreover,  little  apparent  cor¬ 
relation  has  been  found  between  ionized 
calcium  and  total  calcium  concentra¬ 
tions,  Under  normal  physiological 
conditions,  ionized  calcium  varies 
little  and  alterations  in  total  serum 
calcium  levels  have  been  taken  as  an 
indirect  measure  of  serum  albumin 
(Moore,  1970), 

With  alteration  in  serum  pH, 
however,  Moore  (1970)  fo\ind  a  linear 
relationship  to  serum  ionized  calcium; 
a  0,1  pH  xmit  increase  resulted  in  an 
instantaneous  and  reversible  4%  de¬ 
crease  in  ionized  calcium.  This  is 
presumably  a  result  of  competition  , 
between  calcium  ion  and  hydrogen  ion 
for  negative  binding  sites  on  the  serum 
proteins  and  perhaps  on  the  erythrocyte 
membranes  as  well.  Our  observed 
4.5-5, 0%  increase  in  serum  ionized 
calcium  per  0, 1  pH  unit  decrease  dur¬ 
ing  the  acute  phase  of  respiratory  aci¬ 
dosis  corroborates  Moore’s  (1970) 
finding.  That  observed  relationship 
holds  true  for  each  exposure  regimen 


(1%,  3%,  and  15%  CO2— Figure  4)  dur¬ 
ing  the  initial  stages  of  hypercapnia. 

As  the  respiratory  acidosis  be¬ 
comes  compensated,  the  pH  begins  to 
rise  and  the  ionized  calcium  levels  to 
fall  as  expected.  It  is  interesting  to 
note,  however,  that  in  those  animals 
chronically  exposed  to  15%  and  3%  CO2 
the  ionized  calcium  and  the  total  cal¬ 
cium  remain  elevated  and  the  ionized 
to  total  calcium  ratio  returns  to  nor¬ 
mal,  The  increased  levels  of  both  total 
and  ionized  calcium  are  interpreted  as 
an  indication  of  increased  parathyroid 
activity. 

hi  contrast  to  these  responses  to 
15%  and  3%  CO2,  total  plasma  calcium 
is  consistently  depressed  throughout 
exposure  to  1%  CO2,  while  serum  ion¬ 
ized  calcium  becomes  markedly  ele¬ 
vated.  This  situation  results  in  an  in¬ 
creased  ionized  to  total  calcium  ratio. 
The  etiology  of  this  completely  unsus¬ 
pected  response  to  a  low  concentration 
of  1%  CO2  is  unknown  and  cannot  be  ex¬ 
plained  on  the  basis  of  the  available 
data.  However,  one  may  speculate  on 
the  possibility  of  a  functional  hypopara¬ 
thyroidism  due  to  a  continuous  elevation 
of  ionized  calcium.  This  idea  would  be 
the  corollary  of  that  suggested  by 
George,  et  al  (1964),  namely,  that  a 
diminished  ionization  of  serum  calcium 
could  account  for  the  increase  in  total 
calcium  that  results  from  the  parathy¬ 
roid  stimulation  of  hyperventilation 
(respiratory  alkalosis). 

On  the  otter  hand,  the  decrease 
in  total  plasma  calcium  and  inorganic 
phosphorus  during  1%  CO2  exposure  . 
could  also  be  explained  by  an  increase 
in  thyrocalcitonin  activity  since  this 
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hormone  is  known  to  decrease  both 
total  calcium  and  inorganic  phosphorus 
in  the  plasma  (Hirsch,^^  et  al  1964). 

In  order  to  clarify  the  mechanisms  in¬ 
volved,  assays  of  parathyroid  hormone 
and  thyrocalcitonin  during  chronic  low 
level  hypercapnia  must  be  made, 

4.  Relationship  of  Calcium/ 
Phosphorus  Changes  to  Erythrocyte 
Sodium/Potassium  Exchange, and  Oxygen 
Affinity 


Normally  erythrocytes  maintain  a 
very  low  calcium  concentration  within 
the  cell.  It  has  been  recognized  in  re¬ 
cent  years  that  the  intracellular  con¬ 
centration  of  calcium  is  regulated  by 
an  ATP-driven  calcium  pump  which  ex¬ 
trudes  the  calcium  that  enters  down  a 
concentration  gradient.  (Schatzmann 
and  Vincenzi,^^  1969;  Romero  and 
Whittam,^^  1971),  When  internal  cal¬ 
cium  is  raised,  the  permeability  of  the 
red  cell  membrane  to  sodium  and  po¬ 
tassium  is  increased  (Romero  and 
Whittam,^^  1971).  The  interesting 
feature  of  their  experiments  is  the 
demonstration  that  metabolic  inhibitors 
have  little  effect  on  red  cell  permeabil¬ 
ity  if  calcium  is  absent.  Moreover, 
the  effects  of  metabolic  poisons  depend 
on  the  entrance  of  calcium  into  the  cell. 
In  addition,  calcium  alone  can  cause 
changes  in  permeability  of  erythrocytes. 

During  exposure  to  high  concentra¬ 
tions  of  CO2  (15%),  it  was  found  that 
calcium  accumulation  in  erythrocytes 
coincides  with  a  metabolic  inhibition  of 
glycolysis  (Jacey  and  Schaefer, 

1971a),  a  large  loss  of  potassium  asso¬ 
ciated  with  a  slight  increase  in  sodium 
(Schaefer,^^  et  al  1970),  and  a  de¬ 
crease  in  2,3-DPG  (Messier  and 


Schaefer,  1971).  The  changes  in 
sodium  and  potassium,  as  well  as  the 
changes  in  2, 3-DPG  concentrations 
have  been  considered  responsible  for 
the  increase  in  hemoglobin  ojcygen 
affinity  (decrease  in  P5o)j  found  under 
the  same  conditions  (Messier  and 
Schaefer,  1971). 

During  exposure  to  3%  CO2,  calcium 
accumulation  in  the  erythrocyte  still 
occurs.  However,  this  accumulation  is 
found  in  the  absence  of  metabolic  in¬ 
hibition  (Jacey,  et  al^^  1971),  and  in 
the  absence  of  changes  in  2,  3-DPG 
levels  and  hemoglobin  oxygen  affinity 
(Messier,  unpublished  observations). 
This  would  suggest  that  hemoglobin 
oxygen  affinity  is  controlled  more  by 
the  2, 3-DPG  concentration  than  by  ca¬ 
tion  shifts.  This  interpretation  raises 
arguments  against  the  suggestion  of 
Benesch  and  Benesch^  (1968)  that  re¬ 
lates  2,3-DPG  changes  to  alterations 
in  erythrocyte  permeability  to  potas¬ 
sium. 

5.  Submariners  Responses  to  Low 
Concentrations  of  CO2 


In  an  attempt  to  relate  the  observa¬ 
tions  made  in  the  experimental  labo¬ 
ratory  with  the  responses  in  blood  cal¬ 
cium  and  inorganic  phosphorus  of  men 
exposed  to  low  levels  of  carbon  dioxide, 
studies  were  made  of  submariners  dur¬ 
ing  an  operational  Fleet  Ballistic  Mis¬ 
sile  Submarine  patrol.  The  problems 
with  studying  submariners  exposed  to 
levels  of  up  to  1%  CO2  are  manifest. 
Many  physiological  responses  are  in¬ 
fluenced  by  ssmergistic  or  antagonistic 
interactions  of  environmental  condi¬ 
tions,  i.e. ,  diet,  watch  schedule,  exer¬ 
cise,  gaseous  environment,  noise,  etc. 
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One  of  the  important  considerations 
in  evaluating  the  calcium  and  phos¬ 
phorus  results  obtained  in  these  per¬ 
sonnel  is  the  roll  of  circadian  rhjrthms. 
As  was  noted,  the  men  were  on  rotating 
watch-standing  schedules ;  their  wake/ 
sleep  periods  were  altered,  and  no 
control  of  blood  sampling  time  was 
possible.  Thus  the  standard  deviations 
are  large  and  may  therefore  mask 
otherwise  significant  alterations  in 
plasma  calcium  and  phosphorus. 

In  spite  of  these  circumstances,  a 
significant  increase  in  erythrocjdie  cal¬ 
cium  was  observed  after  three  weeks* 
exposure  to  the  submarine  environ¬ 
ment,  This  finding  acquires  additional 
importance  in  view  of  the  subsequent 
return  to  initial  values  following  one 
week’s  recovery  in  air.  The  calcium 
accumulation  in  the  red  cells,  pro¬ 
duced  by  prolonged  exposure  to  low 
concentrations  of  CO2,  compliments 
the  findings  of  Gortner  et  al^3  (197I) 
who  observed  a  loss  of  red  cell  po¬ 
tassium  and  a  gain  of  red  cell  sodium 
under  the  same  conditions.  This  pre¬ 
sents  an  in  vivo  demonstration  in  man, 
that  calcium  movements  across  the 
red  cell  membrane  affect  sodium  and 
potassium  exchange,  hi  addition, 
these  observations  corroborate  the  in 
vitro  findings  of  Davis  and  Vincenzi  ® 
(1971)  and  Romero  and  Whittam^^  (1971) 
showing  that  calcium  accumulation  in 
the  er3d:hrocyte  controls  sodium/ 
potassium  exchange  through  an  in¬ 
crease  in  membrane  permeability  that 
does  not  necessarily  involve  metabolic 
inhibition. 


REFERENCES 

1.  As  trap,  P,,  Rorth,  M.,  and 
Thorshauge,  C,  1970,  Depend¬ 
ency  on  acid-base  status  of 
oxyhemoglobin  dissociation  and 
2,3-diphosphoglycerate  level  in 
human  erythrocytes,  11.  In  vivo 
studies.  Scand,  J,  Clin,  Lab, 
hivest,  26:  47-52 

2.  Benesch,  R.  and  Benesch,  R.  E. 

1967.  The  effect  of  organic 
phosphate  from  the  human  ery¬ 
throcyte  on  the  allosteric  pro¬ 
perties  of  hemoglobin.  Biochem, 
Biophys.  Res,  Comm.  26:  162- 
167. 

3.  Benesch,  R,  and  Benesch,  R.  E. 

1968.  Oxygenation  and  ion  trans¬ 
port  in  red  cells.  Science  160: 

83. 

4.  Bolin^roke,  V.  and  Maizels,  M. 
1959.  Calcium  ions  and  the  per¬ 
meability  of  human  erythrocytes, 

J,  Physiol.  149;  563-585. 

5.  Brown,  E,  B.,  Jr,  and  Prasad, 

A,  S,  1957.  Plasma  ultra- 
filtrable  calcium  concentration  in 
posthypercapnic  ventricular 
fibrillation.  Am,  J.  Physiol. 

190:  462-466. 

6.  Caldwell,  P,  R.  B. ,  Nagel,  R.  L. 
and  Jaffe,  E,  R.  1971,  The  effect 
of  oxygen,  , carbon  dioxide,  pH  and 
cyanate  on  the  binding  of  2, 3- 
diphosphoglycerate  to  human  hemo¬ 
globin,  Biochem.  Biophys.  Res, 
Comm.  44:  1504-1509. 


25 


V- 


7.  Gumming,  J,  D,  1962,  A  study 
of  blood  flow  through  bone  mar¬ 
row  by  a  method  of  venous 
effluent  collection,  J,  Physiol, 

162;  13-20,  14. 

8.  Davis,  P.  W.  and  Vincenzi,  F, 

F.  1971,  Ca-ATPase  activation 
and  NaK-  ATPase  inhibition  as  a 
function  of  calcium  concentration 
in  human  red  cell  membranes . 

Life  Sciences  10(11):  401-406. 

9.  Dunham,  E.  T,  and  Glynn,  I.  M. 

1961,  Adenosinetriphosphatase  15. 

activity  and  the  active  movements 

of  alkali  metal  ions.  J.  Physiol. 

156:  274-293. 

10.  Gardos,  G,  1967.  Studies  on 
potassium  permeability  changes 
in  human  erythrocytes.  Experi- 
entia  (Basel)  23;  19, 

11.  Gent,  W,  L,  G,,  Trounce,  J,  R, 
and  Walser,  M,  1964,  The  bind¬ 
ing  of  calcium  ion  by  the  human 
erythrocyte  membrane.  Arch, 

Biochem.  Biophys.  105:  582- 
589. 

12.  George  W.  K.,  George,  W.  D., 

Jr,,  Smith,  J.  P.,  Gordon,  F. 

T,,  Baird,  E.  E.  and  Mills,  G, 

C.  1964.  Changes  in  serum 
calcium,  serum  phosphate  and 
red-cell  phosphate  during  hyper¬ 
ventilation.  New  England  J. 

Med.  270:  726-728. 

13.  Gortner,  D.  A.,  Messier,  A.  A.,  18 

Heyder,  E.  and  Schaefer,  K.  E. 

1971,  The  effects  of  elevated 
atmospheric  CO2  on  acid-base 
balance  and-plasma  and  red-cell 


electrolytes  of  FBM  submarine 
crewmembers.  NAVSUBMED- 
RSCHLAB  Report  No.  692. 

Gray,  S.  P,,  Lambert,  R.  J.  W. 
and  Morris,  J.  E.  1969.  Cal¬ 
cium,  magnesium  and  phosphate 
metabolism  during  prolonged 
exposure  to  carbon  dioxide.  15th 
Meeting  Royal  Naval  Medical 
Research  Council.  Submarine 
Sub-committee,  April  15,  1969, 
Leeds,  England. 

Hattner,  R.  S. ,  Johnson,  J.  W., 
Bernstein,  D.  S. ,  Wachman,  A., 
and  Brackman,  J.  1970,  Electro¬ 
chemical  determination  of  appar¬ 
ent  ionized  serum  calcium  using  a 
calcium-selective  electrode:  The 
method  and  values  in  nornoal  hu¬ 
mans  and  a  comparison  to  total 
serum  calcium,  Clin.  Chim, 

Acta.  28:  67-75, 


16.  Hirsch,  P.  F.,  Voelkel,  E.  F. 
and  Munson,  P.  L.  1964,  Thyro- 
calcitonin:  Hypocalcemic  hypo- 
phosphatemic  principle  of  the 
thyroid  gland.  Science  146:  412- 
413. 

17.  Hoffman,  J,  F.  1962.  Cation 
transport  and  structure  of 

the  red-cell  plasma  mem¬ 
brane.  Circulation  26:  1201- 
1213. 

Hoffman,  J.  F.  1966.  The 
red  cell  membrane  and  the 
transport  of  sodium  and  po¬ 
tassium.  Am.  J.  Med,  41 ; 
666-680. 


26 


t 


19,  Jacey,  M.  J,  and  Schaefer,  K. 

E,  1971a.  Biochemistry  of  sub¬ 
marine  and  diving  stress:  I. 
Lactate-pyruvate  and  redox  state 
responses  of  blood  and  tissue  in 
chronic  hypercapnia.  NAVSUB- 
MEDRSCHLAB  Report  No.  652. 

20,  Jacey,  M.  J.  and  Schaefer,  K. 

E.  1971b,  Biochemistry  of  sub¬ 
marine  and  diving  stress:  H. 

The  effect  of  chronic  hypercapnia 
on  blood  phosphofructokinase 
activity  and  the  adenine  nucleotide 
system.  NAVSUBMEDRSCHLAB 
Report  No.  659, 


25.  Manery,  J,  F,  1966,  Effects  of 
Ca  ions  on  membranes.  Fed, 
Proc,  25:  1804-1810. 

26.  McLean,  F,  C.  and  Hastings,  A, 
B.  1935,  Clinical  estimation 
and  significance  of  calcium-ion 
concentrations  in  the  blood, 
Amer.  J,  Med,  Sci,  189:  601, 

27.  Messier,  A.  A,  and  Schaefer,  K. 
E.  1971.  The  effect  of  chronic 
hypercapnia  on  oxygen  affinity 
and  2, 3-diphosphogl3^erate, 
Respiration  Physiol,  12:  291- 
296. 


21,  Jacey,  M,  J, ,  Messier,  A.  A. 
and  Schaefer,  K.  E.  1971.  Bio¬ 
chemistry  of  submarine  and 
diving  stress.  IV,  Responses 
of  blood  lactate-pyruvate  and 
redox  state  to  chronic  exposure 
to  3%  C02.  NAVSUBMEDRSCH¬ 
LAB  Report  No.  662. 

22,  Kessler,  G.  and  Wolfman,  M. 
1964.  An  automated  procedure 
for  the  simultaneous  determina¬ 
tion  of  calcium  and  phosphorus. 
Clin.  Chem.  10;  686-703. 

23,  Lee,  K,  S.  and  Shin,  B.  C,  1969. 
Studies  on  the  active  transport  of 
calcium  in  human  red  cells,  J, 
Gen.  Physiol.  54:  713-729. 

24,  Lenfant,  C.,  Torrance,  J, , 
English,  E,,  Finch,  C,  A., 
Reynafarje,  C. ,  Ramos,  J,  and 
Faura,  J.  1968,  Effects  of  alti¬ 
tude  on  oxygen  binding  by  hemo¬ 
globin  and  on  organic  phosphate 
levels,  J.  Clin,  Invest.  47: 
2652-2656. 


28.  Mills,  G.  C.  1969.  The  physio¬ 
logic  regulation  of  erythrocyte 
metabolism.  Texas  Rep.  Biol, 
Med.  27:  773-786. 

29.  Minakami,  S.  and  Yoshikawa,  H, 
1966,  Studies  on  erythrocyte 
glycolysis.  HI.  The  effect  of 
active  cation  transport,  pH  and 
inorganic  phosphate  concentration 
on  erythrocyte  glycolysis,  J, 
Biochem.  59:  145-150, 

30.  Moore,  E,  W,  1970,  Ionized 
calcium  in  normal  serum,  ultra¬ 
filtrates,  and  whole  blood  deter¬ 
mined  by  ion-exchange  electrodes. 
J.  Clin.  Invest.  49:  318-334. 

31.  Murphy,  J,  R,  1960,  Erythro¬ 
cyte  metabolism:  H,  Glucose 
metabolism  and  pathways ,  J. 

Lab,  and  Clin,  Med,  55:  286- 
302. 

32.  Murphy,  J.  R.  1963.  Erythrocyte 
metabolism:  V.  Active  cation 
transport  and  glycolysis.  J.  Lab-, 
and  Clin.  Med.  61:  567-577. 


27 


33.  Neuman,  W.  F.,  Terepka,  A.  R., 
Canas,  F. ,  and  Triffitt,  J.  T. 

1968.  The  cycling  concept  of  ex¬ 
change  in  bone.  Calc.  Tiss. 

Res.  2:  262-270. 

34.  Olson,  E.  J.  and  Cazort,  R.  J. 

1969.  Active  calcium  and 
strontium  transport  in  human 
erythrocyte  ghosts.  J.  Gen 
Physiol.  53:  311-322, 

35.  Orion  Research  Inc.  1969.  In¬ 
struction  Manual.  Model  99-20 
serum  calcium  flow-thru  system 
and  instmiction  manual  model 
801  digital  pH/mV  meter.  Cam¬ 
bridge,  Massachusetts:  Orion 
Research  Inc. 

36.  Rojas,  E.  and  Tobias,  J.  M. 

1965.  Membrane  model:  As¬ 
sociation  of  inorganic  cations 
with  phospholipid  monolayers. 
Biochem.  Biophys.  Acta.  94: 
394-404. 

37.  Romero,  P.  JT.  and  Whittam,  R. 
1971.  The  control  by  internal 
calcium  of  membrane  permeabil¬ 
ity  to  sodium  and  potassium.  J. 
Physiol.  214:  481-507. 

38.  Schaefer,  K.  E.,  Hasson,  M. 
and  Niemoeller,  H.  1961.  Effect 
of  prolonged  exposure  to  15%  CO2 
on  calcium  and  phosphorus  me¬ 
tabolism.  Proc.  Soc.  Exper. 

Biol,  and  Med.  107;  355-359. 

39.  Schaefer,  K.  E.,  Nichols,  G.  Jr., 
and  Carey,  C.  R.  1963.  Cal¬ 
cium  phosphorus  metabolism  in 
man  during  acclimatization  to 


carbon  dioxide.  J.  Appl.  Physiol. 
18:  1079-1084. 

40.  Schaefer,  K.  E.,  Nichols,  G., 

Jr.  and  Carey,  C.  R.  1964.  Acid- 
base  balance  and  blood  and  urine 
electrolytes  of  man  during  accli¬ 
matization  to  CO2.  J.  Appl. 
Physiol.  19;  48-58. 

41.  Schaefer,  K.  E.,  McCabe,  N.  and 
Withers,  J.  1968.  Stress  re¬ 
sponse  in  chronic  hypercapnia. 

Am.  J.  Physiol.  214;  543-548, 

42.  Schaefer,  K,  E.  and  Messier, 

A.  A.  1970,  The  Bohr  effect  in 
chronic  hypercapnia.  Fed.  Proc. 
(abstr, )  29:  329. 

43.  Schaefer,  K.  E,,  Messier,  A,  A, 
and  Morgan,  C.  C.  1970,  Dis¬ 
placement  of  oxygen  dissociation 
curves  and  redrcell  cation  ex¬ 
change  in  chronic  hypercapnia. 
Respir.  Physiol.  10;  299-312. 

44.  Schaefer,  K.  E.  1971.  Metabolic 
adaptation  to  chronic  hypercapnia. 
Proceed.  Satellite  Svmpos.  XXV 
Int,  Physiol.  Cong.  Monaco. 


45,  Schatzmann,  H.  J.  1966.  ATP- 
dependent  Ca++-extrusion  from 
human  red  cells.  Experientia  22; 
364-365. 


46.  Schatzmann,  H.  J.  and  Vincenzi, 
F.  F;  1969.  Calcium  movements 
across  the  membrane  of  human 
red  cells.  J.  Physiol.  201;  369- 
395. 


28 


47.  Shim,  S,  S,  and  Patterson,  F.  P. 
1967.  A  direct  method  of  quali¬ 
tative  shidy  of  bone  blood  circu¬ 
lation.  Surg.  Gynecol.  Obstet. 
125:  261-268. 

48.  Skou,  J.  C.  1965.  Enzymatic 
basis  for  active  transport  of  Na+ 
and  K+  across  cell  membrane. 
Physiol.  Rev.  45:  596-617. 

49.  Sommerkamp,  H. ,  Riegel,  K,, 
Hilbert,  P.  and  Brecht,  K. 

1961.  Uber  den  Einfluss  der 
Kationen  Kbnzentration  in  Ery- 
throcyten  auf  die  Lage  der 
Sauerstoff-Disso  ziationskurve 
des  Blutes.  Pflugers  Arch.  ges« 
Physiol.  272:  591-601. 

50.  Stanmeyer,  W.  R. ,  King,  C.  T, 

G, ,  Scofield,  H,  and  Colby,  R, 

1962.  "The  effect  of  prolonged 
exposure  to  carbon  dioxide  on 
calcification,"  Man’s  Dependence 
on  the  Earthly  Atmosphere, 

Edited  by  K.  E,  Schaefer.  New 
York:  MacMillan  Co, 

51.  Tappan,  D.  V.  1971.  Bio¬ 
chemistry  of  submarine  and  diving 
stress:  HI.  Plasma  creatine, 
creatine  phosphate  and  creatine 
phosphokinase  responses  to  car¬ 
bon  dioxide  stress.  NAVSUB- 
MEDRSCHLAB  Report  No.  661. 

52.  Ussing,  H.  H.  1960.  "The  alkali 
metal  ions  in  biology. "  Handbuch 
der  Experimentallen  Pharma- 
kologie,  Vol.  13.  Berlin: 
Springer- Verlag. 


53,  Van  Slyke,  D,  D,  Hankes,  L,  V. 

and  Vitols,  J.  J.  1966,  Photo¬ 
metric  determination  of  pH  with 
a  single  standard  and  calculation 
by  nomogram,  Clin,  Chem,  12: 
849-870.  ’ 

54,  Wachman,  A,  and  Berstein,  D,  S, 
1970,  Parathyroid  hormone  in 
metabolic  acidosis:  Its  role  in 

pH  homeostasis,  Clin,  Orthroped, 
Rel,  Res.  69:  252-263, 

55,  Waldeck,  F,  and  Zander,  R, 

1968,  Displacement  of  the  dis¬ 
sociation  curve  in  response  to 
changes  in  the  lntraerythroc3dic 
cation  and  hemoglobin  concentra¬ 
tions.  Proc.  Ihtemational 
Physiolopclcal  Congress,  Washing¬ 
ton,  D.  C. 


29 


DOCUMENT  CONTROL  DATA  -  R  &  D 

CSeourify  classification  of  tltto,  body  of  abstract  and  indexing  annotation  must  be  ontered  when  the  overall  report  Is  classified} 


X.  ORIGINATING  AC  Tl  VI  TV  ('Corporate  oothofj  20.  REPOR  T  S6CU  Rl  T  V  CLASSIFICATION 


Naval  Submarine  Medical  Research  Laboratory 
NAVAL  SUBMARINE  MEDICAL  CENTER 


UNCLASSIFIED 


3.  REPORT  TITLE 

STUDIES  OF  CALCIUM  AND  INORGANIC  PHOSPHORUS  LEVELS  IN  PLASMA  AND 
ERYTHROCYTES  DURING  ACUTE  AND  CHRONIC  HYPERCAPNIA 


4.  DESCRIPTIVE  NOTES  ("Type  ol  report  and  inclusive  dates) 

Thesis  for  Master's  Degree 


5.  AUTHOR(S)  (First  name,  middle  initial,  last  name) 

Elly  Heyder 


6.  REPORT  DATE 


29  February  19T2 


6a.  CONTRACT  OR  GRANT  NO. 


6.  PROJECT  NO. 


MR005 . 01. 01-0125B9XX 


7a.  TOTAL  NO.  OF  PAGES  7t>.  NO-  OF  REFS 


9a.  ORIGINATOR*^  REPORT  NtjMBER(SI 

NavSubMedRschLab  Report  No.  702 


OTHER  REPORT  nO(S|  (Any  Other  numbers  that  may  be  assigned 
this  report) 


10.  DISTRIBUTION  STATEMENT 


Approved  for  public  release;  distribution  unlimited 


SPONSORINS  MILI  TARV  ACTIVITY 

!iaval  Submarine  Medical  Center 
Box  600,  Naval  Submarine  Base 
Iroton,  Connecticut  063^0 


13.  ABSTRAC  T 


To  ascertain  the  effects  of  acute  and  chronic  hypercapnia  on  blood 
levels  of  calcium  (Ca)  and  inorganic  phosphorus  (Pi),  guinea  pigs  were 
exposed  to  1% ,  3%,  and  15^  C02  for  various  periods  up  to  seven  days. 
Plasma  and  RBC  Ca  and  Pi  and  serum  ionized  Ca  were  determined.  Blood 
from  submariners  exposed  to  up  to  1^  CO2  for  three  weeks,  followed  by 
one-week  recovery,  was  analyzed  for  plasma  electrolytes  and  RBC  Ca.  The 
serum  ionized  Ca  of  guinea  pigs  during  acute  exposure  to  each  concentra¬ 
tion  of  CO2  shows  a  pH  dependent  inverse  relationship.  During  chronic 
hypercapnia,  increase  in  total  plasma  Ca  and  decrease  in  Pi  in  those 
animals  exposed  to  3%  and  COg  suggests  increased  parathyroid  function. 

In  those  guinea  pigs  exposed  to  C02j  a  depressed  total  plasma  Ca  in 
the  presence  of  increased  serum  ionized  Ca  is  interpreted  as  a  possible 
functional  hypoparathyroidism.  In  the  guinea  pigs,  increases  in  RBC  Ca 
and  Pi,  and  plasma  Pi  accompanied  hy  a  decrease  in  total  plasma  Ca,  dur¬ 
ing  the  acute  phase  of  respiratory  acidosis,  are  interpreted  as  pH- 
dependent  inhibition  of  active  transport  and/or  increase  in  membrane 
permeability.  In  the  submariners  exposed  to  up  to  CO2,  both  total 
plasma  Ca  and  Pi  tended  to  decrease  although  the  changes  did  not  become 
significant.  RBC  Ca,  however,  increased  gradually  and  became  significant 
after  three  weeks'  exposure.  This  finding  suggests  inhibition  of  active 
transport  and/or  increase  in  RBC  permeability  to  Ca.  After  one- week 
recovery  in  air,  the  RBC  Ca  had  returned  to  control  levels. 


.1473 


(PAGE  1) 


S/M  0102.014-6600 


UNCLASSIFIED 

Security  Classification 


KEY  WORDS 


Blood  Calcium-Phosphorus 
Hypercapnia 

Toxicological  aspects  of  Carbon  Dioxide 


ROLE  I  WT  I  ROLE  I  WT 


DD  ,"^“.1473 

(PAGE  2) 


UNCLASSIFIED 

Security  Classification 


